Quasicrystals are solids whose atomic arrangements have symmetries that are forbidden for periodic crystals, including configurations with fivefold symmetry. All examples identified to date have been synthesized in the laboratory under controlled conditions. Here we present evidence of a naturally occurring icosahedral quasicrystal that includes six distinct fivefold symmetry axes. The mineral, an alloy of aluminum, copper, and iron, occurs as micrometer-sized grains associated with crystalline khatyrkite and cupalite in samples reported to have come from the Koryak Mountains in Russia. The results suggest that quasicrystals can form and remain stable under geologic conditions, although there remain open questions as to how this mineral formed naturally. S olids, including naturally forming minerals, are classified according to the order and rotational symmetry of their atomic arrangements. Glasses and amorphous solids have disordered arrangements with no exact rotational symmetry. Crystals have atomic structures with long-range periodic order that can be described by a single atom or atomic cluster that repeats at regular intervals. According to the well-known theorems of crystallography derived nearly two centuries ago, the rotational symmetries of crystals are highly restricted: Two-, three-, four-, and sixfold symmetry axes are allowed, but five-, seven-, and all higher-fold symmetry axes are forbidden. Quasicrystals (1, 2) (short for quasiperiodic crystals) have a more subtle kind of long-range order. In a quasiperiodic structure, the atomic positions along each symmetry axis are described by a sum of two or more periodic functions whose wavelengths have an irrational ratio (inexpressible as a ratio of integers). This difference exempts quasicrystals from the crystallographic restrictions: They can exhibit all the rotational symmetries forbidden to crystals, including fivefold symmetry. Just as square or hexagonal tilings are commonly used as geometric analogs for periodic crystals, the Penrose tiling (3) is used as an analog for quasicrystals. The fivefold symmetric tiling consists of acute and obtuse rhombic tiles that repeat along each symmetry direction with frequencies whose quotient is t ¼ 1þ
S olids, including naturally forming minerals, are classified according to the order and rotational symmetry of their atomic arrangements. Glasses and amorphous solids have disordered arrangements with no exact rotational symmetry. Crystals have atomic structures with long-range periodic order that can be described by a single atom or atomic cluster that repeats at regular intervals. According to the well-known theorems of crystallography derived nearly two centuries ago, the rotational symmetries of crystals are highly restricted: Two-, three-, four-, and sixfold symmetry axes are allowed, but five-, seven-, and all higher-fold symmetry axes are forbidden. Quasicrystals (1, 2) (short for quasiperiodic crystals) have a more subtle kind of long-range order. In a quasiperiodic structure, the atomic positions along each symmetry axis are described by a sum of two or more periodic functions whose wavelengths have an irrational ratio (inexpressible as a ratio of integers). This difference exempts quasicrystals from the crystallographic restrictions: They can exhibit all the rotational symmetries forbidden to crystals, including fivefold symmetry. Just as square or hexagonal tilings are commonly used as geometric analogs for periodic crystals, the Penrose tiling (3) is used as an analog for quasicrystals. The fivefold symmetric tiling consists of acute and obtuse rhombic tiles that repeat along each symmetry direction with frequencies whose quotient is t ¼ 1þ ffiffi 5 p 2 ¼ 1:618, the golden ratio. The concept of quasicrystals was introduced 25 years ago (1) , and the first example observed was a rapidly quenched alloy of Al and Mn with icosahedral symmetry (2). Since then, over 100 examples have been identified (4), but all have been synthetic alloys produced in the laboratory under controlled conditions, ranging from fast to moderately slow quenching (5) . A substantial number have icosahedral symmetry, but other crystallographically forbidden symmetries have been observed as well (1, 4) . Among the most carefully studied is the icosahedral phase of AlCuFe (i-AlCuFe), reported by Tsai et al. (6) and subsequently examined over a range of stoichiometries, temperatures, and quench conditions (5) . The optimal composition, Al 63 Cu 24 Fe 13 , is known to be stable over the temperature range from 500°to 870°C at atmospheric pressure, but its stability under wider ranges of temperature and pressure has not been fully explored.
To search for quasicrystals beyond the chemical families in which they are already known to occur, a scheme to identify quasicrystals based on powder diffraction data was developed and applied (7) to a collection of over 80,000 patterns published as the "powder diffraction file" by the International Center for Diffraction Data (ICDD-PDF). The ICDD-PDF includes some 9000 mineral patterns in addition to synthetic phases. Figures of merit were identified to rank the observed powder patterns according to how they compared with those of ideal quasicrystals. Known quasicrystals in the ICDD-PDF were successfully identified by this procedure. Among other materials, samples of the 50 most highly ranked were obtained and explored with transmission electron microscopy (TEM) and powder x-ray diffraction (XRD), but no new quasicrystals, synthetic or natural, were found (7). As a result, the search turned to possibilities outside the existing catalog, beginning with minerals with compositions similar to those of known quasicrystals synthesized in the laboratory.
Many synthetic quasicrystals are metallic alloys, often including Al, which led to the consideration of the mineral khatyrkite, with a nominal composition of (Cu,Zn)Al 2 . Khatyrkite (8, 9) was originally found in a metal placer, reported as coming from a Triassic (200 million years old) ultramafic (silicon-poor) zone (10) of the Koryak Mountains, northeast of the Kamchatka Peninsula in Russia. Cupalite, nominally (Cu,Zn)Al, is reported to form in close association with khatyrkite and is orthorhombic (8, 9) . The only reported samples of khatyrkite were described as roughly 30-mm grains found in association with weathered serpentinite and located near the Listvenitovyi Stream in the Chetkinvaiam tectonic melange (9, 10).
We examined a khatyrkite-bearing sample from the collection of the Museo di Storia Naturale of the Università degli Studi di Firenze (catalog number 46407/G) that was acquired in 1990 and cataloged as coming from the Koryak region, although we have no direct evidence that our sample originated from the same location as the type specimen. Instead of a metal placer, the sample includes an assemblage (Fig. 1A) of spinel, augite, and forsteritic olivine. We made polished thin sections and examined the microstructure using backscattered electron (BSE) imaging in the scanning electron microscope (11) . To quantify the stoichiometry of these phases, we examined samples using wavelength-dispersive x-ray analysis in an electron microprobe (12) .
The study revealed a number of Al-rich grains consistent with khatyrkite and cupalite, though with only traces of Zn as compared with the reported composition (8, 9) . These grains were intergrown with forsteritic olivine ( Fig. 2A) and an unknown mineral, AlCuFe, corresponding to the b phase (5) that all the phases were formed naturally by geologic processes and are unlikely to have been introduced by human activity; however, elucidating the mechanisms responsible for this heterogeneous morphology and for the low oxygen fugacity implied by the existence of metallic Al remains a serious and fascinating challenge. In addition to these phases, we observed within the sample a grain about 90 to 120 mm across that, based on 18 microprobe analyses, is approximately Al 65 Cu 20 Fe 15 , with an uncertainty of less than 0.1 atomic %. This is close to the optimal stoichiometry of synthetic i-AlCuFe (5). Over 200 microprobe samplings show that the chemical composition in each of the metallic phases shown in Fig. 2 has a fairly uniform composition. Extensive studies of AlCuFe alloy formation in the laboratory do not show the same assemblage of metal alloys found in this sample (13) .
To investigate the atomic structure of this possible i-AlCuFe phase, we removed grains from the polished thin sections, mounted them on glass fibers, and collected powder XRD patterns with a diffractometer (14) . The powder XRD pattern gives direct information about the atomic structure that can indicate whether it is a quasicrystal, using the scheme in (7). For an icosahedral quasicrystal, the diffraction scattering intensity in Fourier space at scattering wave vector q is IðqÞ ¼ ∑jr Q j 2 d q,Q , where r Q is complex, and the sum is over a discrete lattice of reciprocal vectors G, expressible as integer linear combinations of the six fundamental wave vectors g k ¼ sin b cos The icosahedron (which has the symmetry of a soccer ball) also has 10 threefold symmetry axes and 15 twofold symmetry axes. Associated with each peak Q is a complementary wave vector Q, obtained by using the same six integers to construct the corresponding linear combinations of g k ¼ g 2k mod 5 and g 5 ¼ −g 5 . The diffraction scattering intensity at peak Q tends to decrease as jQj increases. Synthetic i-AlCuFe is a face-centered icosahedral (FCI) quasicrystal (5); in these structures, Bragg peaks occur only at integer linear combinations of {g k , g 5 } where the sum of the integers is even. Applying the automated indexing program in (7), we compared the powder XRD pattern of our AlCuFe mineral grains to that of an ideal FCI structure and found that all of the major peaks (Fig. 3A) match closely with Bragg reflections in the ideal structure, as shown in Table 1 . We also quantified the degree of conformity, using figures of merit corresponding to D, the intensityweighted average of the absolute deviation of each Q from its closest-matching FCI peak (column three in Table 1 ), and the intensityweighted average of Q, as discussed in (7); Fig.  3B shows that the sample ranked extremely high. Fig. 1 Table 1 . Best fit of the powder XRD pattern from the mineral sample to an ideal FCI quasicrystal, using the automated scheme in (7) . The first two columns show the magnitude of the scattering vector |Q| for the real and ideal patterns, and column three shows the difference between these two values. The fourth column is the relative intensity (100 is the most intense). The fifth column is the best-fit index assignment (integer linear combinations of the six vectors {g k , g 5 }), and the last column is an equivalent two-integer index introduced by Janot (4) To explore the atomic structure, several granules, each a few micrometers across (such as the one shown in Fig. 1B) , were removed from the glass fiber and examined with TEM (16) . On the submicrometer length scale, the grains are mostly homogeneous but contain some smaller domains with slightly different compositions. Some of these regions were found with energydispersive x-ray analysis to be Al 63 T 1 Cu 24 T 1 Fe 13 T 1 , within an error equal to the known composition of synthetic i-AlCuFe. (This suggests that the electron microprobe analysis, which averages over larger domains, included regions with different compositions.) The diffraction patterns from these regions, obtained by tilting the sample at various angles, are shown in Fig. 4 . These patterns, consisting of sharp peaks arranged in an incommensurate lattice with five-, three-, and twofold symmetry, are the characteristic signature of an icosahedral quasicrystal (1, 5) . In addition, the angles between the symmetry planes shown in Fig. 4 are consistent with icosahedral symmetry. For example, the angle between the two-and fivefold symmetry planes was measured to be 31.6°T 0.5°, which agrees with the ideal rotation angle between the twofold and fivefold axes of an icosahedron (arctan 1 t ≈ 31:7°). The inverted Fourier transform of the high-resolution TEM (HRTEM) image shown in Fig. 1C shows that the real space structure consists of a homogeneous, quasiperiodic, and fivefold symmetric pattern. Together, these TEM results provide conclusive evidence of crystallographically forbidden icosahedral symmetry in a naturally occurring phase.
TEM and XRD also demonstrated the high degree of structural perfection in the mineral quasicrystal. In the electron diffraction patterns in Fig. 4 , there is no visible distortion. Quasicrystals produced by rapid quenching or embedded in a matrix of another phase often exhibit measurable deviations from the ideal pattern due to phason strains (15, 17) . An experimental signature is a shift in Bragg peak positions relative to the ideal by an amount proportional to Q, corresponding to larger shifts for peaks with smaller intensity. If the diffraction pattern is held at a grazing angle and viewed down rows of peaks, the phason strain can be observed as deviations of the dimmer peaks from straight rows (15) . The diffraction patterns in Fig. 4 display no discernible evidence of phason strain. This qualitative observation is quantified by the XRD data in column three of Table 1 , which demonstrate that the natural quasicrystal has a degree of structural perfection comparable to that of the best laboratory specimens (Fig. 3B) . Either the mineral samples formed without phason strain in the first place, or subsequent annealing was sufficient for phason strains to relax away.
A nearly structurally perfect natural quasicrystal that formed under geologic conditions would have several implications for geology and condensed-matter physics. The definition of a mineral, which previously included periodic crystals, incommensurate structures (18, 19) , and amorphous phases, would henceforth include quasicrystals, expanding the catalog of structures formed by nature and raising an interesting challenge to explain how they formed naturally. Finally, the study of natural quasicrystals may provide insights about the formation and stability of quasicrystals at temperatures and pressures not studied in the laboratory previously, and perhaps an avenue for discovering new quasicrystals with compositions not yet synthesized. The distribution of two figures of merit introduced in (7) to separate quasicrystals from among a large collection of powder patterns in the ICDD-PDF: (i) the logarithm of the intensity-weighted average jDj, where D is the absolute deviation of each Q from the closest-matching FCI peak (column three in Table 1 ); and (ii) the intensity-weighted average of Q. Known synthetic FCI quasicrystals are indicated with gray squares (AlCuFe) and white circles (other examples). They cluster far from ordinary crystalline minerals (gray dots), whose average and standard deviation are indicated by solid and dashed lines, respectively. The natural sample, marked with the black triangle, is several standard deviations away from the average and well within the cluster of known FCI quasicrystals. 
